Two lines of rainbow trout selected for high (HR) and low (LR) responsiveness to a standardised confinement stressor displayed a sustained divergence in plasma cortisol levels during a 3 h period of confinement (max.: HR: 167 ± 13 ng ml -1 ; LR: 103 ± 8 ng ml -1 ; P < 0.001). However, no significant difference in plasma ACTH levels was evident (max: HR:
Introduction
The potentially adverse effects of physical, chemical, and behavioural stressors on fish under aquaculture conditions are well understood. The performance of fish can be attenuated by stress via interference with growth, reproductive processes, and immunocompetence (Pickering, 1998) . Complete elimination of potentially stressful aspects of the aquaculture process is impossible for economic and practical reasons. Therefore, modification of the sensitivity of aquacultured fish to unavoidable stressors has been considered as a potential strategy to alleviate the economic and welfare consequences of stress (Pottinger and Pickering, 1997; .
Recent studies have demonstrated that the stress responsiveness of individual rainbow trout, measured as the magnitude of increase in blood cortisol levels following exposure to a standardised confinement stressor, is to a large extent an individual characteristic (Pottinger et al., 1992 (Pottinger et al., , 1994 ) with a moderate to high degree of heritability (Fevolden et al, 1999; offering the prospect of selection for stress tolerant fish. However, it is not yet known at what site(s) within the hypothalamus-pituitary-interrenal (HPI) endocrine cascade selection for responsiveness operates.
The aim of this study was to investigate whether differences in the cortisol response to stress in two lines of rainbow trout selected for high or low responsiveness to confinement arise from differences within the hypothalamic/pituitary axis or from differences in interrenal function. This aim was addressed by measuring plasma ACTH levels in the two lines of fish during confinement and by the administration of ACTH to dexamethasone-blocked fish.
Materials and methods

High-responding (HR) and low-responding (LR) fish
Heritability of the magnitude of the plasma cortisol increase in response to a stressor is high in rainbow trout (h 2 = 0. 4 -0.6; Fevolden et al., 1999; Pottinger and Carrick, 1999) , which facilitated the production of two lines of fish with high (HR) or low (LR) responsiveness to stress. Fifteen HR and fourteen LR full-sib families of rainbow trout (Oncorhynchus mykiss)
were generated from parents selected for high-or low-cortisol responsiveness to a standardised confinement stressor respectively. In brief, selection of the parents was achieved by transferring the individually tagged fish in groups from holding tanks (1000 l) to confinement tanks (50 l) for 3 h and determining the mean post-confinement levels of plasma cortisol for each fish over 5 episodes of confinement, carried out at monthly intervals. The fish were ranked on the basis of their individual mean cortisol response to confinement and progeny groups were generated from the fish displaying most divergence in responsiveness (Pottinger and Carrick, 1999) . The six families from each of the HR and LR lines that consistently displayed the greatest divergence in responsiveness were identified.
Measurement of plasma cortisol and ACTH levels in HR and LR fish during confinement
Six fish from each of three of the most divergent HR (mean weight ± SEM; 402 ± 17 g, n = 18) and LR families (459 ± 23 g, n = 18) were netted rapidly from their holding tank into bucket containing anaesthetic (2-phenoxyethanol; 1:2000 in lake water; Sigma-Aldrich).
Blood samples were removed from the cuverian sinus using a syringe containing EDTA (1.5 mg ml -1 blood) and aprotinin (3000 KU ml -1 blood; Sigma-Aldrich). The samples were kept on ice until being centrifuged. Plasma was stored frozen (-20 o C). The fish were individually marked on the ventral surface using alcian blue dye (Sigma-Aldrich) administered with a Panjet needleless injector (Wright Dental Group), to allow their identification at subsequent sample points during the time-course study, and transferred to a 50 l confinement tank supplied with a constant flow of lake water (15 l min -1 ). Additional blood samples were taken from each fish, after anaesthetization, at 0.5, 1, 2 and 3 h after the initial sample. At the final sample, after anaesthetization and blood sampling, the fish were killed by a blow to the head, weighed and measured. Plasma cortisol and ACTH levels were determined as described by Pickering et al. (1987) and Balm and Pottinger (1993) respectively.
Evaluation of the relative sensitivity of HR and LR fish to ACTH using dexamethasone blockade of the pituitary-interrenal axis
Forty fish, twenty each from the two HR (mean weight ± SEM; 860 ± 39 g, n = 20) and LR (920 ± 35 g, n = 20) families displaying greatest divergence in cortisol responsiveness to confinement, were netted from their holding tanks, anaesthetised (2-phenoxyethanol; 1:2000), and injected intraperitoneally with 1 mg kg -1 dexamethasone (Sigma-Aldrich) in ethanol:phosphate-buffered saline (PBS; 1:3; 1 g l -1 ). LR fish were marked ventrally with alcian blue (Panjet) and all fish were transferred to a single holding tank. After 24 hours the fish were netted in groups, anaesthetised, and each fish was given an intraperitoneal injection of adrenocorticotropic hormone (ACTH, fragment 1-24; Sigma-Aldrich) in PBS at 45 g ml -1 , 0.5 ml kg -1 . The fish were returned to their holding tank to recover and 2 h after ACTH administration were netted, anaesthetised, and blood sampled. Blood was kept on ice, centrifuged, and plasma was frozen until required for analysis. A second group of forty fish from each of the HR and LR families was treated similarly but following dexamethasone administration these were given injections of PBS only in order to control for endogenous production of ACTH during the experimental procedure.
Statistical analysis
The results were subjected to analysis of variance (ANOVA, Genstat 5, Lawes Agricultural Trust) with individual fish, sample time, and line (HR, LR) as factors for the time-course study, and line (HR, LR) and treatment (sham, ACTH-injected) for the dexamethasone blockade experiment. In both cases a plot of residuals against fitted values indicated that mean and variance were co-dependent. Therefore data were log-transformed prior to analysis.
Significant differences between groups were determined using the estimated standard error of the differences between means, derived from the ANOVA.
Results
Measurement of plasma ACTH levels in HR and LR fish during confinement
Overall, plasma cortisol levels increased significantly with time following the onset of confinement (P<0.001). Cortisol levels in the HR fish were significantly higher than cortisol levels in the LR fish at every time point, including the 0 h sample (7.8  0.9 ng ml -1 c.f. 4.2  1.0 ng ml -1 ; P<0.001; Fig. 1b ). The maximum difference between HR and LR fish was observed after 3 h when levels in the HR group were 167  13 ng ml -1 compared to 103  8 ng ml -1 in the LR group (P<0.001).
Blood ACTH levels also showed a significant increase with time (P<0.001) during the period of confinement from a mean of 35  5 pg ml -1 (LR) and 31  5 pg ml -1 (HR) to a maximum of 142  7 and 153  9 pg ml -1 after 2 h confinement (Fig. 1a) . However, there was no statistically significant difference between ACTH levels in HR and LR fish overall, or at any time point.
Evaluation of the relative sensitivity of HR and LR fish to ACTH using dexamethasone blockade of the pituitary-interrenal axis
Mean plasma cortisol levels in the two groups of dexamethasone-injected fish 2 h following ACTH administration were significantly different (P<0.001), with HR fish displaying higher mean levels (233 ± 24 ng ml -1 ) than LR fish (122 ± 14 ng ml -1 ; Fig. 2 ). In the dexamethasoneinjected fish that received only PBS (controls) blood cortisol levels were considerably lower, but a significant difference (P<0.001) between HR and LR fish was nonetheless detected (6.7 ± 1.0 c.f. 2.2 ± 0.2 ng ml -1 ; Fig. 2 ).
Discussion
Plasma cortisol levels in HR and LR rainbow trout during 3 h of confinement displayed a degree of divergence which was similar to that previously observed with these lines of fish Carrick, 1999, 2000) . The difference in mean plasma cortisol levels between the two lines was sustained throughout the period of confinement indicating that selection had modified the absolute plasma levels attained during stress rather than the dynamics of the response. The elevation of plasma cortisol levels during stress in fish, as in other vertebrates, is attributed largely, though not exclusively, to the direct stimulation of steroidogenesis in the interrenal by the pituitary peptide adrenocorticotropin (ACTH; Mommsen et al., 1999) .
Plasma levels of ACTH both before and during confinement in the present study were comparable with those reported elsewhere for rainbow trout (Sumpter et al., 1986; Balm and Pottinger, 1995) . Increases in plasma ACTH precede changes in plasma cortisol levels but this relative difference in the rate of change of the two hormones is most pronounced during the early phase of the stress response (2 -10 mins; Sumpter et al., 1986 ) and was therefore not evident in the present study in which the first sample was collected 30 mins after the start of confinement. No statistically significant differences in plasma ACTH levels between the HR and LR fish were apparent at any point during the time-course. The similarity of plasma ACTH levels in the HR and LR lines suggested that the disparity in cortisol levels could not arise from differences in pituitary corticotrope function between the lines. Instead, functional divergence in the HPI axis appears to occur downstream of the pituitary. By isolating the interrenal from stimulation by endogenous ACTH, and stimulating cortisol production with a standardised exogenous dose of ACTH, it was confirmed that divergence in cortisol responsiveness in the HR and LR fish arises via interrenal or post-interrenal mechanisms.
Blockade of the pituitary-interrenal axis in trout by the corticosteroid analogue dexamethasone (DEX) has previously been demonstrated (Pickering et al., 1987) . It is likely that DEX mimics the negative feedback effects of cortisol on the secretion of ACTH and/or corticotropin releasing hormone (CRH) by interacting with specific corticosteroid receptors in the brain, hypothalamus and/or pituitary (Allison and Omeljaniuk, 1998; Teitsma et al., 1998) . In the present study the administration of DEX was successful in preventing the substantial stress-induced elevation of plasma cortisol levels which would be expected to occur consequent to handling and injection of PBS. Plasma cortisol levels in DEX-blocked HR and LR fish after sham injection were in both cases < 10 ng ml -1 , a level normally considered to be typical of unstressed salmonids (Barton and Iwama, 1991) , but there was a significant difference between the two lines with plasma levels in DEX-blocked HR fish significantly higher than those in DEX-blocked LR fish. When a weight-adjusted dose of ACTH was administered to the DEX-blocked fish the subsequent elevation of plasma cortisol was almost two-fold greater in the HR than LR fish.
These observations indicate that the difference in responsiveness between HR and LR fish arises from alteration of interrenal or post-interrenal factors. These might include the sensitivity of the interrenal tissue to ACTH, the steroidogenic capacity of the interrenal tissue, interrenal tissue mass, or differences in clearance of cortisol. This interpretation of the results is supported by consideration of studies in mammalian and avian lines divergent for stress responsiveness. In Japanese quail (Coturnix coturnix japonica) selectively bred over 6 or 7
generations for high serum corticosterone responses to immobilization adrenocortical cells displayed similar basal rates of corticosterone production in vitro to cells from random-bred birds (Carsia et al., 1988) . However, adrenocortical tissue from the high-responding birds produced significantly more corticosterone in response to either ACTH or cAMP. Coupled with higher adrenal weights in high-responding birds than in random-bred individuals these authors concluded that greater adrenocortical responsiveness to ACTH was a major factor in the enhanced corticosterone response observed in the high-stress line. Similar results were reported for white leghorn domestic fowl (Gallus domesticus) in which strain differences in adrenocortical cell sensitivity to ACTH were observed (Carsia and Weber, 1986) . In five inbred rat strains differences in corticosterone response to immobilization between the strains were attributed to differential sensitivity of both the pituitary to CRF and adrenal to ACTH (Gmez et al., 1996) . In pigs also, differences in adrenal sensitivity have been suggested to underlie variation in stress responsiveness between individuals. Marked differences in adrenocortical responsiveness to administered ACTH between pigs (Hennessy et al., 1988; Kanitz et al., 1999) have been linked to differences in adrenocortical volume and density of ACTH receptors (Zhang et al., 1993) . We are aware of no similar studies on other fish species.
In conclusion, the difference in the plasma cortisol stress response observed in two lines of rainbow trout selected for divergent responses to a standardised stressor is not mediated directly by the hypothalamic-pituitary axis. This observation is consistent with previous studies on lines of animals that display divergent stress responsiveness. Further work is necessary to assess the contribution made to divergence of stress responsiveness in trout by differences in the biosynthetic capacity of the interrenal tissue, in ACTH receptor density, in interrenal tissue mass and in the clearance/metabolism of cortisol. 
